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INTRODUCTION
Streptococcus suis is a common and widely distributed swine pathogen that is responsible for significant economic losses (Gottschalk and Segura 2000) . It is associated with a variety of diseases in piglets, such as meningitis, arthritis, pneumonia and septicaemia (Staats et al. 1997; Gottschalk and Segura 2000) . Furthermore, S. suis is also a zoonotic agent for humans in contact with diseased pigs or swine by-products (Tang et al. 2006; Mai et al. 2008; Ngo et al. 2011; Gustavsson and Ramussen 2014) . The serotyping of S. suis is based on the serological reactions against the capsular polysaccharide and the genetic relatedness analysis. As of now, at least 29 serotypes have been described (Pan et al. 2015) . The predominant S. suis serotypes isolated from clinical cases globally in pigs is serotype 2, followed by serotype 9 ( Goyette-Desjardins et al. 2014) . In fact, SS9 is more frequently found in major swine producing European countries, which includes Netherlands, Spain, Germany and Belgium, than other serotypes (Goyette-Desjardins et al. 2014) . SS2 has long been regarded as the dominant serotype isolated from diseased pigs in China (Wei et al. 2009 ), but epidemiological studies revealed that the prevalence of SS9 has increased during the last few years (Wu, Zhang and Lu 2008) . However, little is known about the population structure of SS9, the genetic relationships between different strains and potential disease-causing clones. Streptococcus suis is a heterogeneous Gram-positive bacterium. The virulence of different S. suis isolates changes even within the same serotype population (Auger et al. 2016) . Virulence factors play an important role in immunity defence, and they are also involved in colonising and invading of the host. Therefore, genotyping based on the virulence gene profiles could provide a better assessment of bacterial virulence (Kobayashi et al. 2013) . Historically, screening of virulence-associated genes of S. suis focused on the mrp (muraminidase-released protein), epf (extracellular factor) and sly (suilysin) genes (Silva et al. 2006; Rehm et al. 2007) . Large amount of data concerning the detection of mrp/epf/sly has appeared in the literature (Silva et al. 2006; Wei et al. 2009; Gottschalk et al. 2013; Zhu et al. 2013) , and depending on those studies a positive correlation between high virulence and presence of mrp/epf/sly genes has been confirmed (Fittipaldi et al. 2012) . It is pointed out that these three popular virulence markers are mainly associated with SS2 strains, although they are also used in the genotyping of other serotypes strains. The number of virulence factors that were identified in S. suis had greatly increased, but the prevalence of other virulence factors in SS9 isolates remains unknown.
Multilocus sequence typing (MLST) has been widely used to distinguish genotypes and track potentially epidemic strains of many bacterial species (Maiden et al. 1998) . Since MLST is a DNA sequencing-based typing method, the data are transferrable and comparable between different laboratories. An MLST protocol for S. suis employing seven housekeeping genes (cpn60, dpr, recA, aroA, thrA, gki and mutS) was established in 2002 (King et al. 2002) , and this allows gathering further information about the genetic diversity of the S. suis strains within the different serotypes. To obtain a better interpretation of MLST data, phenotypic characteristics of tested stains are often needed. Combining both MLST data and virulence-associated markers (commonly mrp/epf/sly) profiles has been applied to S. suis studies to identify virulent clones (Fittipaldi et al. 2011; Goyette-Desjardins et al. 2014) . The objectives of this study were to elucidate the relationships between SS9 strains by molecular characterisation based on virulence genotyping and MLST analyses, and screen for potential virulence markers suitable for SS9.
MATERIALS AND METHODS

Bacterial isolates collection
The SS9 serotype reference isolate 22 083 was originally isolated from a diseased pig in Denmark, and was kindly provided by China Animal Health and Epidemiology Centre. Strains YN1, YN2, YN3, YN7 and YN14 were isolated from Vietnam, and were kindly provided by Hue University College of Agriculture and Forestry. Strain ZG1004 was isolated from a partridge carrier in Sichuan province. Other 23 swine strains are the field strains isolated from China from 2004 to 2015 and were stored in our laboratory. All the strains used in this study and their detailed background information (partially not available) were listed in Table 1 .
Culture conditions and DNA preparation
The SS9 strains were grown in Todd-Hewitt broth medium (THB; Becton Dickinson, Sparks, MD, USA) and incubated overnight at 37
• C. Total bacterial DNA was extracted from pure cultures with E.Z.N.A. bacterial DNA isolation kit (Omega, Beijing, China) according to the manufacturer's instructions.
PCR assays
To confirm the identification of S. suis, a species-specific polymerase chain reaction (PCR) based on the gdh gene was performed, as described previously (Okwumabua, O'Connor and Shull 2003) . To confirm the serotype identification of SS9, a serotype-specific PCR was used based on capsule polysaccharide biosynthesis gene cps9H, as described previously (Kerdsin et al. 2012) . Twenty three S. suis virulence-associated genes, including mrp, epf, sly, fbps, rgg, ofs, srtA, pgdA, gapdh, iga, endoD, ciaRH, salKR, manN, purD, rgg, dppIV, neuB, dltA, comR, stp, lysM and scnF, were detected by simple PCR assays as previously described (Zhu et al. 2011; Dong et al. 2015; Wu et al. 2016) ; another pair of primers (Fbps2-F/R) was used to detecte fbps variant, positive PCR result from using either pair of primers indicates the existence of fbps gene. The complete genome sequence of strain GZ0565 and draft genome sequence of strain GD06896 were used as controls to confirm the detection result of virulence genes. The prevalence of other virulence genes (reviewed by Fittipaldi et al. 2012) in those two genomes was showed in Table S1 (Supporting Information). In MLST assays, alternative primers for housekeeping genes aroA and mutS were designed in this study; another five housekeeping genes (cpn60, dpr, recA, thrA and gki) were amplified by PCR as described previously (King et al. 2002) , and amplification fragments were sequenced. All PCR primers used in this study are listed in Table S2 (Supporting Information).
Cluster analysis and statistical analysis
Allele number and sequence type (ST) were identified by MLST database (http://ssuis.mlst.net/). The new allele sequences or STs were submitted to the database curator to be deposited in the MLST database. Phylogenetic analyses were conducted on the basis of the concatenation of seven MLST loci (http://ssuis.mlst.net/sql/concatenate/default.asp) using the MEGA software as previously described (Wang et al. 2013) . The result was presented as a neighbour-joining tree, and the robustness of the groupings was assessed by bootstrap resampling of 1000 replicates. The eBURST (http://eburst.mlst.net) analysis was also performed to identify potential clonal complexes (CCs) and founders (Feil et al. 2004) , and the overall population structures were determined. BioNumerics software (version 6.6, Applied Maths, Kortrijk, Belgium) was used to analyse the virulence related genes as described previously (Mateus et al. 2013; Zhu et al. 2017) ; resemblance was computed with simple matching coefficients, and agglomerative clustering was performed using the unweighted average linkage (UPGMA). The prevalence of virulenceassociated genes from SS9 isolates in different clusters was compared with the results of Fisher's exact test (Statistica 5.0, StatSoft Inc., Tulsa, OK, USA); the results were considered significant if P < 0.05.
Animal experimental infection
Of all the isolates used in this study, it is known that GZ0565 (cluster I) is virulent and SH040917 (cluster II) is avirulent (Wu, Zhang and Lu 2008) . Based on the virulence genotyping and MLST results, a total of 11 isolates were selected for animal infection experiment using murine models. P1/7, a wellknown pathogenic SS2 isolate from swine meningitis (Vecht et al. 1992) , was added in comparison to the virulence of SS9 isolates. In cluster I, three ST 241 strains (SH0606, SH0626 and GD0627) isolated from the tonsil of healthy pigs and three ST 243 strains from diseased pigs (JX131201, GD08 and GD61) were selected; virulence of serotype reference isolate 22 083 was also tested. In addition, four isolates were selected from eight Cluster II isolates, namely JX0412226, NJ-4, SH0589 and GD06896. Phosphate-buffered saline (PBS) was used as the negative control. Six-week-old female ICR (CD-1 R ) mice were purchased from the Comparative Medicine Centre of Yangzhou University. All animal experiments were approved by the Animal Care and Use Committee of Nanjing Agricultural University, license number SYXK (SU) 2011-0036. To assess the virulence of the selected isolates in each cluster, animal infection experiments using ICR mice were performed as previously described (Fittipaldi et al. 2008; Vanier et al. 2008) . Experimental ICR mice were divided into two groups and were inoculated with 1 mL SS9 bacterial suspension (∼5 × 10 8 or 5 × 10 7 CFU for each group) or PBS (control) by intraperitoneal injection. Eight mice were used per dose. The mice were monitored three times a day for 1 week after infection; loss of mobility was set as a predictor of impending death during observation. The moribund mice, recovered mice and mice in control group received anaesthesia with pelltobarbitalum natricum (Genview, Shanghai) and sacrificed by cervical dislocation.
RESULTS AND DISCUSSION
In this study, an MLST analysis was performed with a collection of SS9 isolates to study the genetic diversity and population structure. A total of 17 STs were found in this study (Table 1 , Fig. 1) , and 16 of which were novel at the time of this study. The only previously known ST is ST82, which was first identified in serotype strain 22 083 and also presented in strain HB1019 from the field isolates used in this study. In previous MLST data, it was indicated that reference strain 22 083 does not represent the European SS9 isolates (de Greeff et al. 2011) . Relationship between SS9 isolates from this study and other previously submitted strains from the MLST database was analysed by eBURST (Fig. 1) . In an overview, the result revealed high genetic diversity between SS9 isolates, and so did it applied to all S. suis isolates. Most of the discovered STs occurred as singletons, and only few CCs are formed in S. suis population. Globally, the amounts of collected SS2 isolates are far larger than that of SS9 isolates, but the number of STs presented in SS9 isolates (116) is larger than SS2 isolates (111), which revealed a considerable amount of variation in SS9 isolates. Among the CCs of S. suis, CC1 (importantly ST1 and ST7) was strongly associated with systemic disease and higher virulence, while CC29 (ST25) and CC28 (ST28) were found to be frequently associated with respiratory disease (or non-clinical appearance) and lower virulence (Goyette-Desjardins et al. 2014; Athey et al. 2015 Athey et al. , 2016 Auger et al. 2016) . Furthermore, CC16 is important to SS9 isolates (Fig. 1) , and is typically associated with infection of animals or humans in Europe (de Greeff et al. 2011; Schultsz et al. 2012; Sanchez del Rey et al. 2014) . There also are SS9 isolates assigned to CC1, CC94 and CC201. However, none of the SS9 strains used in this study belonged to any CC. Major novel STs identified in this study occurred as singletons, except for ST226, ST241, ST268, ST607, ST608, ST609 and ST612; ST268 is a single loci variant (SLV) from ST156; although ST607 and ST608 are the SLVs from ST609, it is not sufficient to form a CC (Fig. 1) . A phylogenetic tree was constructed from the alignment of seven housekeeping genes using neighbour-joining method, from which two distinct clades can be described: clade I and clade II (Fig. 2) . Strains from Vietnam were assigned to clade I; however, no clear difference was observed compared to Chinese strains. In addition, a partridge carrier isolate ZG1004 (ST268) was closely related with a swine isolate M70 (ST612, the SLV from ST268). Cross-species infection of S. suis is a commonplace, and avian infection has been reported long ago (Devriese et al. 1994) . For a long time, human cases associated with SS9 were not reported (Goyette-Desjardins et al. 2014 ) until the year 2015 (Kerdsin et al. 2017) . Therefore, the carriage of SS9 and its threat to public health should not be ignored.
Virulence genotyping is a useful tool for pathogen-related studies, which can be applied to reveal relationships between isolates (Mateus et al. 2013) , reflect virulence phenotypes (Wei et al. 2009) or screen for virulence genes strongly related to specific diseases (Gerjets et al. 2011; The Plos One Staff 2014) . A variety of strategies have been pursued in an attempt to develop fast and robust method for virulence prediction of S. suis. Prior to this study, a virulence genotyping method was applied in SS2, and genes epf, sly, endoD, rgg and scnF were selected as potential virulence marker genes for SS2, which was also favoured by a complete genome comparison (Willemse et al. 2016) . In this study, a series of virulence-associated genes were detected by PCR (Table 2) , and the clustering analysis was performed based on the gene profiles of SS9 isolates. As shown in Fig. 3 , SS9 iso- lates could be clearly divided into two clusters (I and II) based on clustering result, which led to essentially the same kind of pattern of clades obtained by MLST. Although virulence-related genes are not suitable for studying genetic relationship, it is logical that phylogenetic relatedness could lead to the presence of similar virulence genotypes. The distribution of virulenceassociated genes in two clusters was significantly different. Only three genes were detected in all SS9 isolates, namely fbps, manN and gapdh. Gene fbps has been used to develop a species-specific detection method for S. suis, which is in accordance with the result in this study (Srinivasan et al. 2016) . Cluster I and II shared purD that was detected with high prevalence, whereas mrp with low prevalence. But none of other 19 virulence-associated genes were detected in cluster II. In cluster I, five genes were detected in all SS9 isolates, namely endoD, srtA, sspA, pgdA and stp; the genes iga and lysM were detected with high prevalence (>60%), followed by dpp IV, fbps and comR with a medium prevalence (>30%); the prevalence of rgg, dltA, ofs, ciaRH and salKR was lower than 30%, and neuB, epf, sly and scnF were also not detected in cluster I. Since the prevalence of virulence genes in cluster I was significant higher than that in cluster II, it is reasonable to speculate that strains from cluster I are more virulent than cluster II.
To study the correlation of genotypes of isolates with virulence, we determined the virulence of SS9 isolates used in this study in experimental infections in mice in comparison to the virulence of SS2 strain P1/7. In previous study, GZ0565 (cluster I) has already been identified as virulent, whereas SH040917 (cluster II) as avirulent (Wu, Zhang and Lu 2008) , which is in accordance with the above hypothesis. However, when we extend the scope of selected isolates, both SS9 isolates from cluster I and cluster II presented high virulence diversity (Table 3) . As expected, mice injected with three ST243 clinical isolates in Figure 3 . Clustering of SS9 isolates based on the presence or absence of virulence-related genes. The presence/absence of virulence-related genes was visualised using BioNumerics. The names of the virulence-related genes were presented at X-axis, and names of the isolates were presented at Y-axis. Each column shows the results for a single gene: black indicates gene presence and white indicates gene absence. Cluster analysis was performed with the unweighted pair group method using arithmetic averages. cluster I (JX131201, GD08 and GD61) showed mortality, although GD08 and GD61 caused no mortality at a dose of 10 7 CFU bacteria. Non-clinical strains SH0606, SH0626 and GD0627 were also assigned to cluster I, but only SH0606 presented high virulence, although they were all identified as ST 241. As for serotype reference strain 22 083, which was isolated from a diseased pig and classified into cluster I, no morbidity of mice was observed after injection. For cluster II isolates, only JX0412226 and SH0589 were identified as avirulent; NJ-4 and GD06896 even presented a higher level of virulence compared with pathogenic SS2 P1/7. NJ-4 shared a same virulence genotype with JX0412226, while SH0589 is closely related to GD06896 based on MLST result. In conclusion, both MLST data and the prevalence of virulence determinants in SS9 had little effect on its ability to discriminate the virulence levels between isolates. Therefore, this study of SS9 did not yield genotypic markers that predict virulence, although a distinct distribution of virulence-related genes in different clusters was observed.
The data presented in this study have confirmed that SS9 is a highly diverse strain in terms of not only an overall level of genetic diversity but also the diverse virulence phenotypes within similar genotypes. One possible explanation is that most virulence-related studies in S. suis were performed with SS2, so a virulence genotyping based on those genes may not reflect the real situation in SS9. Of the 23 genes detected in this study, only stp and lysM were identified using SS9 as a model (Zhu et al. 2011; Wu et al. 2016) . However, there was no evidence that stp and lysM were more distinguishable virulence genes than others in this study. We also noticed that all recorded clinical isolates were assigned to cluster I, which may raise a harsh question: whether mouse model is suitable for virulence assessment of S. suis or not. Long ago researchers have pointed out that virulence of SS2 for mice and pigs appeared to be host specific (Vecht et al. 1997) . But there are also studies in support of using mice model in S. suis research (Dominguez-Punaro et al. 2007 . At least, representative ST1/7 SS2 pathogenic strains (such as P1/7, 05ZYH33, ZY05719 and SC84) presented high virulence in different animal models, which make it acceptable and logical to identify genes required for full virulence based on this foundation. We also noticed that all ST243 SS9 isolates were isolated from diseased pig and were able to cause mortality in mice model, including the representative virulent SS9 isolate GZ0565. Therefore, attention should be paid to ST 243 as an ST with high virulence potential in SS9 in south China, although the evidence is still not fully convincing.
In conclusion, we performed a tentative attempt to screen for potential virulence markers suitable for SS9. Our observations provide evidence that differences in virulence genotypes of SS9 may be related to the genetic diversity. However, the fact that genotypes of isolates were not in accordance with their virulence phenotypes in murine model remains to be an unsolved question. Targeted studies with larger numbers of additional isolates from multiple other sources would help to clarify any relationships.
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